Abstract. Synchronous fluctuations in limnological variables among lakes may signal that large-scale environmental factors regulate lake ecosystem structure, yet most estimates of temporal coherence are based on short (,25 yr) time series, and little is known of how synchrony varies among biological taxa or of the causes of temporal coherence. Here we used time series of 13 fossil pigments from diverse algal groups in seven lakes of the climatically sensitive Northern Great Plains to demonstrate that algal synchrony (S ) during the 20th century arose mainly from interdecadal increases in algal abundance rather than from interannual coherence. Synchrony of time series differed greatly among algal taxonomic groups (S ¼ 0.0-0.75) and was not usually spatially structured, but decreased 83% following removal of long-term trends using exponential models or first-difference calculations. Overall, coherence was greatest for labile compounds chl a (S ¼ 0.53) and fucoxanthin (S ¼ 0.75), possibly reflecting the influence of postdepositional degradation processes on fossil time series. However, analysis of chemically stable pigments also indicated that synchrony was great for cryptophytes (as alloxanthin, S ¼ 0.42) and diatoms (diatoxanthin, S ¼ 0.37), taxa that bloom in spring. In contrast, synchrony of total algal abundance was low (b-carotene, pheophytin a, S , 0.10), reflecting low interannual coherence of summer taxa including colonial cyanobacteria and chlorophytes. Unexpectedly, past variations in climate, resource use, and urbanization explained .85% of algal variation in individual lakes, but only 35% of synchronous algal fluctuations, suggesting that the factors controlling algal synchrony differ from those regulating algal abundance.
INTRODUCTION
Recent observations show that lakes within a geographic region can exhibit similar patterns of year-toyear fluctuations in limnological variables, a characteristic referred to as synchrony (Kratz et al. 1998) or temporal coherence (Magnuson et al. 1990 ). In particular, high degrees of synchrony suggest that large-scale environmental factors, such as climate or widespread land use practices, are involved in the control of limnological processes or population abundance.
Synchrony of biological variables is usually weaker than that observed for physical and chemical parameters, possibly because lake-specific factors such as trophic interactions can override the influence of climate on biological organization (Kratz et al. 1998) . Instead, biological synchrony may be seasonally structured, with variations in algal biomass (as chlorophyll a [chl a]) being more coherent during spring than in fall (Magnuson et al. 1990 . Further, this pattern suggests that algal groups that typically bloom during spring (e.g., diatoms) should be more synchronous than those common during later periods (e.g., cyanobacteria).
However, to date, algal synchrony has been examined only as total algal biomass (chl a; Baines et al. 2000 , and little is known of whether temporal coherence varies among taxonomic groups, such as has been noted for zooplankton (Rusak et al. 1999) . In principle, the presence of taxon-specific patterns of synchrony may be a useful indicator of the precise mechanisms of environmental control, such as has been demonstrated for some chemical parameters .
Lake synchrony is expected to be greatest when sites are homogeneous in terms of morphometry and landscape position. In particular, the ratio of lake area to mean depth is an important determinant of the extent of lake exposure to climatic factors, with lakes of similar ratios tending to be more synchronous than lakes with different climatic exposures for a suite of limnological variables (Kratz et al. 1998) . Similarly, aspects of landscape position (e.g., hydrological order, groundwater inputs) are important controls of chemical synchrony, especially that of conservative ions , and may influence the coherence of other lake parameters (Magnuson et al. 1990 , Soranno et al. 1999 . In particular, the presence of spatially structured synchrony is thought to indicate the importance of hydrologic connections in regulating lake parameters 1 E-mail: alain.patoine@uregina.ca . However, because most previous analyses of synchrony have been conducted on small spatial scales (lake chains ,10 km, lake districts ,1000 km 2 ), among-lake distances may have been too small to allow identification of many spatially structured control processes.
Because synchrony is often greatest for variables that exhibit clear mechanistic linkages to climatic variations (i.e., timing of ice thaw, epilimnion temperature, lake level), high synchrony values are generally taken to indicate climatic control of lake behavior, even though it is recognized that other large-scale factors, such as changes in land use practices, could lead to synchrony (Kratz et al. 1998 . For example, the synchrony of some zooplankton populations is correlated to changes in the timing and intensity of windinduced mixing and by the consequent development of edible algae (George 2000) . Similarly, interannual changes in the abundance of spring-blooming algae appear to be related to climatically sensitive parameters, such as external nutrient supply . Furthermore, the productivity of aquatic ecosystems is known to be sensitive to interannual variations in global climate systems such as the El Nin˜o-Southern Oscillation (ENSO; Barber and Chavez 1983) , the Pacific Decadal Oscillation (PDO; Mantua et al. 1997) , and the North Atlantic Oscillation (NAO; Straile 2000, Straile and Adrian 2000) . However, while climatic conditions, land use practices, and urbanization have varied substantially during the 20th century, especially in the North American Great Plains, little is known of the relative importance of each factor in regulating algal synchrony.
In this paper, we used time series of fossil algal pigments to reconstruct interannual synchrony of diverse algal groups in seven prairie lakes during the 20th century. We demonstrate that the degree of synchrony is taxon-specific and arises mainly from interdecadal increases in algal abundance rather than from coherent short-term (interannual) population variability. Further, we assess the importance of landscape position in influencing synchrony over a large spatial scale and quantify the relative importance of climate, resource use, and urbanization as possible controls of landscape-scale synchrony since AD 1900. To our knowledge, this study represents the first analysis of biological synchrony over a century time scale and represents a unique application of paleoecological data.
MATERIAL AND METHODS

Site description
The seven study lakes are part of the Qu'Appelle Valley drainage basin that encompasses 52 000 km 2 of mostly agricultural land in the northern Great Plains of North America (Fig. 1) . The historical patterns related to climate, resource use, and urbanization are well known and described in Hall et al. (1999b) . Briefly, since the beginning of the 20th century, there has been a 30-d increase in the ice-free season, a 25% increase in farming area, and a near-exponential expansion of the population of the city of Regina, whose domestic effluent is discharged into Wascana Creek, a tributary of the Qu'Appelle Valley upstream of Pasqua Lake (Hall et al. 1999b ). This wastewater supplies 50-70% of nutrients to downstream lakes.
Lakes of the Qu'Appelle Valley are connected through misfit streams over a distance of almost 400 km (Fig. 1) . All lakes are polymictic due to a combination of high winds on treeless plains and low relative depths (,1%, sensu Wetzel 2001), but exhibit deepwater anoxia due to elevated algal production, warm deepwater temperatures, and rapid microbial consumption of oxygen. Exposure indices, estimated as the ratio of lake area to mean depth (Magnuson et al. 1990) , are also very high for all lakes (1-28.3 3 10 6 m; Table 1 ), suggesting that these sites may be more sensitive to climate variability than those examined in previous synchrony studies in which exposure indices were generally ,10 6 m. Overall, Qu'Appelle lakes are productive, with algal growth limited by either nitrogen (N) supply or a combination of N and phosphorus (P) inputs (Graham 1997 , Hall et al. 1999b . Because Qu'Appelle lakes exhibit similar morphometry, thermal structure, and deepwater oxygen conditions, they have comparable environments for pigment preservation and would be expected to preserve algal fossils equally well at all sites (Leavitt 1993) .
Fossil analyses
Details of sediment core collection and chronology have been described elsewhere (Hall et al. 1999a , b, Dixit et al. 2000 , Quinlan et al. 2002 . Briefly, sediments were collected with a freeze-corer following protocols detailed in Leavitt and Hodgson (2001) . Sediments were sectioned at near-annual resolution (5-mm intervals), freeze-dried (48 h at 0.01 Pa), and stored at À808C until pigment extraction (Leavitt and Findlay 1994) . Carotenoids, chlorophylls (chl), and their derivatives were extracted from 50-100 mg aliquots of dried sediment from each sample using an acetone-methanol-water mixture (80:15:5, by volume). Sedimentary pigments were identified, isolated, and quantified by high-performance liquid chromatography (HPLC) for samples from each lake for the period 1776 to 1995 (Leavitt and Findlay 1994, Leavitt and Hodgson 2001) . Pigment identifications were based on comparison of chromatographic position, and spectral characteristics were compared with those of authentic standards (Leavitt and Hodgson 2001) . All fossil pigment concentrations were expressed as nanomoles of pigment per gram organic matter, units that are best correlated to the mean annual standing crop of algae in long-term monitoring programs and whole-lake experiments (e.g., Leavitt and Findlay 1994, Leavitt et al. 1999) . Organic matter content was determined by mass loss on ignition at 5008C for 1 h (Leavitt and Findlay 1994) .
Historical changes in algal abundance and interannual synchrony were based on analysis of fossil pigments from a single sediment core collected within the central basin of each lake. The validity of this approach depends on the degree to which individual cores represent wholelake processes, the reliability of the sediment chronology, and the degree to which fossil pigments accurately capture past variations in algal abundance. Three lines of evidence suggest that our approach is robust. First, preliminary comparison of sedimentary pigments in 65 short cores collected at Pasqua Lake reveals little spatial variability in fossil pigment assemblages, beyond the expected increase in benthic algal contributions in sediments lying within the photic zone (P. R. Leavitt, unpublished data; see also Leavitt and Carpenter 1989) . Similarly, high correlations of fossil pigment profiles from multiple cores at Pasqua Lake demonstrate that all major changes in algal abundance and community composition are preserved in each deepwater core for the period ; 1750 -1995 (compare Hall et al. 1999b , Dixit et al. 2000 . Second, high-resolution sediment chronology has been obtained for each lake using 210 Pb activity profiles and constant-rate-of-supply (CRS) calculations. As detailed in Hall et al. (1999a, b) and Dixit et al. (2000) , these analyses provide near-annual resolution for each core, especially since 1950, with little evidence of sediment mixing or resuspension. Finally, while direct calibrations of fossil time series with long-term records of algal abundance were not possible at these sites, multivariate analyses reveal that .85% of changes in fossil pigment abundance and assemblage composition in each lake during the 20th century can be explained by Dixit et al. (2000) . linear combination of environmental variables related to climate, resource use, and urbanization (e.g., Hall et al. 1999b) . Such exceptionally high ability to explain past changes in algal communities is consistent with results from whole-lake mass balance models (Leavitt and Carpenter 1990b) , ecosystem experiments (Leavitt and Findlay 1994) , and numeric simulations (Cuddington and Leavitt 1999 ) that all demonstrate a linear correlation between algal abundance and fossil pigment concentration in lakes with anoxic hypolimnia and sediments.
Because algal pigments differ in their intrinsic chemical stability (e.g., Leavitt and Carpenter 1990a, Bianchi et al. 2000 ; see Appendix A) and their distribution among algal groups (Table 2) , we used a diverse combination of fossil compounds to quantify the interannual synchrony of individual algal taxa. For example, the synchrony of total algal abundance was quantified using three pigments found in all algae: bcarotene, pheophytin a, and chl a ( Table 2 ). The former two compounds are chemically stable, while the latter is labile and can degrade extensively following deposition in sediments (reviewed in Leavitt 1993) . Similarly, changes in the abundance of individual algal groups (Table 2) were quantified using taxonomically diagnostic pigments from chrysophytes, diatoms (i.e., ''siliceous algae'') and dinoflagellates (fucoxanthin), mainly diatoms (diatoxanthin), chlorophytes (chl b, pheophytin b), cryptophytes (alloxanthin), total cyanobacteria (echinenone), Nostocales cyanobacteria (canthaxanthin), and colonial cyanobacteria (myxoxanthophyll), as well as photo-protective compounds characteristic of benthic cyanobacteria exposed to ultraviolet radiation (scytonemin-like; Leavitt and Hodgson 2001) . Because zeaxanthin (cyanobacteria) is inseparable from lutein (chlorophytes) using our HPLC system, we report lutein-zeaxanthin as a mixed indicator of ''potentially bloom-forming algae.'' By explicitly contrasting the synchrony of chemically stable and labile fossil pigments, we sought to distinguish among long-term increases in algal abundance and postdepositional degradation of pigments as mechanisms producing temporal coherence of fossil time series.
Statistical analyses
Fossil time series from each site were standardized to constant sampling intervals to account for among-lake differences in sediment accumulation rates (measured as mass per square centimeter per year) and temporal resolution based on original chronologies obtained from radioisotope activity profiles. The resulting time scale was resolved into 1-yr (1981-1994), 2-yr (1951-1980), 5-yr (1911-1950) , and 10-yr (1860-1910) intervals, for a total of 43 year categories. Mean fossil concentrations were calculated if there was more than one observation per category. The resulting data grid was comprised of 3913 cells (301 lake-years in rows, 13 pigments in columns) of which fewer than 10% were empty. Missing values were estimated by linear interpolation between adjacent samples. Because temporal resolution varied along the time series and was never less than one year, estimates of algal synchrony emphasized interannual and decadal scales of coherence, rather than the seasonal synchrony of limnological parameters reported in some prior studies (e.g., Pace and Cole 2002, McGowan et al. 2005) .
Interannual synchrony among lakes (S) was measured for each pigment by calculating the arithmetic mean of Pearson correlation coefficients among time series from all possible lake pairs (Magnuson et al. 1990 ). This method results in the same synchrony values as the method employed by Rusak et al. (1999) based on computation of the intraclass correlation coefficient. To avoid bias arising from differences in ranges of pigment concentration, all time series were first Z-transformed to standardize variances (Rusak et al. 1999 ). Because we were interested mainly in relative levels of synchrony among algal groups, we did not perform any significance Notes: Particularly labile pigments are indicated in italics. Fossil concentrations are expressed in nanomoles of pigment per gram of organic matter (n ¼ 529 strata samples from the seven lakes). Pigments are listed from the most (top) to least synchronous (bottom) (see Fig. 3 ). Pheophytin a and pheophytin b are derivatives of chlorophyll a and b, respectively. tests on the individual coefficients. Instead, to test for the presence of spatial variability in synchrony, the 21 lake pair synchrony values were plotted against interlake distance. Statistically significant negative slopes (P , 0.1) were taken to indicate the presence of hydrologic controls of lake variability (Soranno et al. 1999) .
Pronounced synchrony among lakes may arise either from similar long-term (interdecadal) trends in time series (e.g., George et al. 2000) or from coherent shortinterval (annual, subdecadal) variation of limnological parameters (e.g., Magnuson et al. 1990 ). To distinguish among these possibilities, each standardized time series was modeled using an exponential function to describe observed long-term trends in fossil pigment concentration. In this analysis, we fit the function Y ¼ x 0 þ (x 1 exp(x 2 time)) to all sedimentary time series, where x 0 , x 1 , and x 2 were parameters adjusted with the GaussNewton method, using least squares as the loss function (Engelman 2000) . In addition, we recomputed synchrony values using the residuals around the decay functions to test whether any temporal coherence remained once exponential trends were removed. Here, a high coefficient of determination (r 2 ) between standardized concentrations and concentrations predicted by an exponential model suggests that coherence among lakes could be explained solely on the basis of an underlying exponential process. As demonstrated by Hall et al. (1999b) , human population growth within the catchment and associated N loading from urban wastewaters can be described by exponential functions for much of the 20th century. Similarly, postdepositional pigment degradation may follow a first-order decay process in many freshwater and marine environments (Leavitt and Carpenter 1990a , Bianchi et al. 2000 , Reuss et al. 2005 . However, because elevated measures of synchrony could also arise from other nonexponential patterns, we also detrended each time series using the first-variate difference procedure (Legendre and Legendre 1998) . Because there were no substantial differences in results of exponential and firstdifference analyses, we have presented the results of the exponential modeling procedure alone.
Constrained and partial canonical ordinations using redundancy analyses were conducted to quantify the statistical relationships between algal synchrony among lakes and large-scale environmental variability within the Qu'Appelle drainage basin. Using this same procedure, prior studies revealed that .85% of past variation in fossil pigment assemblages since ca. 1920 can be explained by a combination of climate, resource use, and urban factors when analyses are conducted on any single Qu'Appelle lake (Hall et al. 1999b; P. R. Leavitt, unpublished data) . In contrast, the present study sought to perform these same variance-partitioning analyses on all lakes simultaneously to identify environmental correlates of coherent algal change at the landscape scale. Given that our ability to explain past changes in algal abundance was great in all individual lakes, we hypothesized that similar high degrees of explained variance for the ensemble of lakes should indicate strong environmental control of algal synchrony, whereas low explanatory power should indicate that the controls of synchrony were more complex than previously supposed. Finally, we conducted variance-partitioning analyses on two subsets of pigments; one composed of highly synchronous pigments and the other composed of biomarkers of low temporal coherence. Because high levels of synchrony suggest the presence of large-scale environmental controls, we expected statistical associations of algal abundance and climate change or resource use to be stronger with temporally coherent pigments than with asynchronous indicator compounds.
Climatic, resource use, and urban factors were identified as possible explanatory variables for use in variance-partitioning analyses following procedures of Hall et al. (1999b) . Climate variables included indices of the main regional climate systems, including ENSO (data available online), 2 the PDO (data available online), 3 and the NAO (data available online). 4 In addition, regional changes in precipitation and air temperature, annual evaporation, dates of ice thaw and freeze, and hydrological flow (Canadian National Climate Archive, data available online) 5 were used as climatic predictors (Hall et al. 1999b; Appendix B) . In contrast, resource use variables included catchment-scale changes in land use, agricultural, and fisheries practices. Finally, human population of Regina (Statistics Canada 1881-1991) was used as the sole urban variable because other potential variables (e.g., population of the other urban centers, sewage treatment outflow, nutrient fluxes) followed bimodal distributions when binned into the variable time scale progression used for the pigment data. In these latter cases, urbanization variables exhibited too few observations (all with low values) early in the time series and too many observations (with high values) in more recent eras. Instead, only those environmental variables that followed a normal distribution following appropriate transformation (log 10 , square-root) were used in ordinations of variance partitioning analyses. Additional details of environmental data are given in Hall et al. (1999b) .
Variance partitioning analyses using redundancy analyses (RDA) were performed for each set of environmental variables (climate, resource use, urbanization) using forward selection to identify variables that contributed a statistically significant (P , 0.1) amount of the temporal variance to the ensemble of fossil pigment time series. Statistical significance was tested by 999 random row permutations under the null model, which minimizes type I error in small data sets. To quantify the relative importance of climate, resource use, and urbanization as factors explaining coherent temporal variability of pigment time series, we performed a three-way variance-partitioning analysis using the method of Hall et al. (1999b) . This method decomposes the temporal variance of the pigment data into eight fractions: three pure fractions (C, climatic; R, resource-related; U, urban); three fractions representing first-order covariation (CR, CU, RU); one fraction representing second-order covariation (CRU); and one fraction of variance unexplained by the variables included in this study. The RDAs were performed with CANOCO for Windows version 4.02 (Microcomputer Power, Ithaca, New York, USA).
RESULTS
Historical time series
Historical changes in concentrations of fossil pigments from Pasqua, Echo, Mission, Katepwa, Crooked, and Round lakes have been described previously by Hall et al. (1999a) and Dixit et al. (2000) . Pasqua Lake is characterized by an increasing biomass of total algae (bcarotene) during the 20th century, with peaks of cyanobacteria (echinenone) during the period 1930-1976 and recent increases of diatoms (diatoxanthin; Fig.  2 ). In contrast, changes in total biomass (b-carotene) were less substantial in downstream Echo, Mission, Katepwa Crooked, and Round lakes.
Concentrations of most sedimentary pigments increased during the second half of the 20th century in all lakes (Fig. 2) . In particular, fucoxanthin from siliceous algae and dinoflagellates and ubiquitous chl a showed consistent patterns among sites, with persistent increases after ca. 1980. Although pigments from cryptophytes (alloxanthin), colonial cyanobacteria (myxoxanthophyll), mainly diatoms (diatoxanthin), and potentially bloom-forming algae (lutein-zeaxanthin) also increased during the latter half of the 20th century, the degree of increase was not as consistent among lakes. In contrast, total algae (pheophytin a, b-carotene), chlorophytes (chl b, pheophytin b), and some indicators of cyanobacteria (canthaxanthin, echinenone, scytonemin) exhibited variable patterns among lakes (Fig. 2) .
Synchrony
Synchrony was highly variable among raw time series of fossil algal pigments, ranging from S ¼ 0.00 for scytonemin to S ¼ 0.75 for fucoxanthin (Fig. 3) . Overall, pigments could be categorized into three groups based on their degree of temporal coherence. First, analyses revealed a group of highly synchronous pigments (S . Table 2. 0.5) composed of fucoxanthin (chrysophytes, diatoms, some dinoflagellates) and chl a (total algal biomass). These compounds are known to be chemically unstable (Appendix A), suggesting that their highly synchronous behavior may arise from rapid decay of fossil pigments following deposition in lake sediments (Leavitt 1993 ). Second, there was a group of synchronous pigments of varying, but generally great, chemical stability, including compounds characteristic of cryptophytes (alloxanthin, S ¼ 0.42), colonial cyanobacteria (myxoxanthophyll, S ¼ 0.40), mainly diatoms (diatoxanthin, S ¼ 0.37), and mixed assemblages of chlorophytes and cyanobacteria (lutein-zeaxanthin, S ¼ 0.32). Finally, we identified a group of chemically stable pigments that exhibited low synchrony (S 0.10), including compounds diagnostic of total algae (b-carotene, pheophytin a), chlorophytes (chl b, pheophytin b), and some cyanobacteria (canthaxanthin, echinenone, scytonemin). Overall, the degree of temporal coherence was uncorrelated (P . 0.1) to the median concentration of fossil pigments, hence the inferred abundance of each algal taxon.
Comparison of raw and detrended time series revealed that algal synchrony in Qu'Appelle lakes resulted mainly from long-term (interdecadal) increases in algal abundance rather than coherent short-term (interannual) variations in fossil pigment time series (Fig. 3) . For example, estimates of temporal coherence decreased .80% for most raw time series when synchrony was calculated using either the residuals around exponential functions or first-difference procedures. Overall, reductions in coherence were less for b-carotene (total algae, 41%) and echinenone (total cyanobacteria, 32%) than for other bio-indicator pigments (.83%). Instead, exponential functions accounted for more than half of the temporal variability of four fossil time series (fucoxanthin, chl a, alloxanthin, diatoxanthin; Table  3 ). In addition, the mean coefficient of determination of exponential functions was highly correlated to mean fossil pigment synchrony (r 2 ¼ 0.94, P , 0.001), confirming that patterns of algal change were described well by near-exponential processes.
Unexpectedly, the degree of pigment preservation varied among lakes of the Qu'Appelle Valley and was not obviously related to the degree of pigment synchrony. For example, molecular ratios of labile precursor compounds (chl a) to chemically stable products (pheophytin a) were elevated and constant with burial depth over the entire time series of Mission, Katepwa, Crooked, and Round lakes (Appendix A), suggesting little change in pigment preservation during the 20th century (Leavitt 1993) . In contrast, chl a : pheophytin a ratios declined 4-to 10-fold in Last Mountain, Pasqua, and Echo lakes, particularly between 1995 and 1965. Interestingly, while this pattern is consistent with the presence of rapid postdepositional pigment degradation at these sites, the absence of consistent changes in ratios of labile:stable compounds among lakes strongly suggests that observed coherence of fossil time series among Table 2. all lakes did not arise from synchronous pigment degradation within lake sediments.
In general, synchrony of algal groups was independent of the distance separating lakes (Fig. 4) . Although temporal coherence of lake pairs declined with interlake distance for abundance of total algae (b-carotene), total cyanobacteria (echinenone), and cryptophytes (alloxanthin), overall synchrony was nonsignificant for the former two pigments and explained relatively little variance in the synchrony of alloxanthin (r 2 ¼ 0.172, P ¼ 0.062). The absence of strong spatial gradients in algal population synchrony is consistent with preliminary analysis of hydrologic control of lake water quality by Hall et al. (1999b) , who suggested that flow regime explained a significant but not substantial amount of variation in algal communities during the 20th century.
Environmental controls of synchrony
Redundancy analyses revealed that variations in climate, resource use, and urban factors each accounted for 25-32% of the combined temporal variability in time series of fossil pigments from cryptophytes (alloxanthin), colonial cyanobacteria (myxoxanthophyll), mainly diatoms (diatoxanthin), and chlorophytes-cyanobacteria (lutein-zeaxanthin), all relatively stable compounds of moderate synchrony (S ¼ 0.32-0.42). Specifically, mean monthly minimum air temperature during spring, the duration of the ice-free season, and the NAO index were Notes: Time series for which exponential change accounted for .50% of temporal variance are indicated in boldface type. Leastsquares nonlinear models are of the form Y ¼ x 0 þ x 1 exp(x 2 t), where Y is the standardized pigment concentration (nmol pigment/g organic matter) and t is the number of years elapsed since 1859. Pigment abbreviations follow, from left to right, the row headings of Table 2. FIG. 4. Synchrony (S) of individual pigments as a function of among-lake separation within the catchment. Regression lines indicate a correlation significant at P , 0.1 between lake separation and algal synchrony. Numbers indicate the degree of betweenlake separation, with 1 for contiguous lakes and 6 for the most distant pairs. all significant climatic predictors of fossil change and together accounted for 31% (P ¼ 0.020) of temporal variability in combined fossil algal assemblages. In contrast, only farmland area was statistically significant among the resource variables tested and accounted for 25% (P ¼ 0.034) of the temporal variability in synchronous algal groups. Finally, Regina population alone (urbanization) accounted for 32% of the temporal variability in fossil algae (P ¼ 0.043).
When all lakes and significant predictor variables were analyzed together in RDA-based ordinations (Fig. 5) , variation in environmental factors accounted for 34.7% of the temporal fluctuations of synchronous algae (P ¼ 0.028). The first canonical axis (eigenvalue ¼ 0.339, P ¼ 0.024) represented gradients of spring minimum air temperature, duration of the ice-free season, Regina population, farmland area and, to a lesser extent, NAO signal (Fig. 5A) . The passage from positive loadings to negative loadings also marked a transition from early (1920-1970) to recent (1972-1994) algal communities (Fig. 5B) . Further, three-way variance partitioning using RDA identified that covariation among climate, resource use, and urbanization factors accounted for the most explained variance (21.7%), whereas climatic factors (2.9%), resource use (0.3%), and urbanization (0.7%) alone accounted for only small amounts of synchronous algal variability. Overall, the low proportion of variance explained (;35%) contrasts sharply with our prior analysis of individual lakes that demonstrate .85% of historical variation in fossil algal assemblages could be explained using these same statistical procedures (Hall et al. 1999b; P. R. Leavitt, unpublished data) .
Similar ordinations of the four chemically stable pigments exhibiting low synchrony (chl b, canthaxanthin, echinenone, scytonemin) explained only 6.1% of the temporal variability of algae when analyzed using significant environmental factors associated with climate, resource use, and urbanization (analysis not shown). Overall, the significant variables retained in this RDA were similar to those selected in ordinations of synchronous algal pigments; however, in the case of asynchronous time series, the overall ordination was not significant (P ¼ 0.14).
DISCUSSION
Analyses of fossil pigment time series from prairie lakes revealed that algal synchrony during the 20th century arose from interdecadal increases in algal abundance rather than from coherent interannual variations of algal populations (Fig. 3) . In general, synchrony was described well by first-order process models, consistent with the near-exponential increase in nitrogen influx from urban wastewaters and the observation that algal production in Qu'Appelle lakes is usually limited by N supply (Graham 1997 , Hall et al. 1999b . However, comparison of fossils of similar chemical stability also revealed that the degree of synchrony varied greatly among algal groups, with relatively great temporal coherence (S ¼ 0.32-0.42) observed for some spring-blooming taxa (cryptophytes, diatoms) and low synchrony (S , 0.10) for most fossil indictors of total algal abundance (b-carotene, phaeophytin a), chlorophytes (chl b, pheophytin b), and cyanobacteria (echinenone, canthaxanthin, scytonemin), taxa common in late summer (McGowan et al. 2005) . Overall, ;35% of the temporal variability of synchronous taxa in all lakes was explained by coeval changes in climate (NAO index, spring minimum air temperature, ice-free season duration), resource use (area of farms), and urbanization (Regina population), factors that acted mainly in concert rather than independently (Fig. 5) . Similarly, mean lake pair synchrony was usually uncorrelated with interlake distances (Fig. 4) , suggesting that temporal coherence on the drainagebasin scale did not arise from hydrologic processes. Together, these patterns suggest that the controls of algal synchrony differ among taxonomic groups and that analysis of total algal synchrony alone (e.g., as chl a; George et al. 2000, Magnuson and may obscure important regulatory processes.
The synchronous character of siliceous algae (diatoxanthin) and cryptophytes (alloxanthin) suggests that variability in spring climate has an important coordinating effect on these algae in Qu'Appelle lakes. Consistent with this interpretation, both algal groups exhibit maximal abundance in these lakes 15-40 d after ice cover has melted (McGowan et al. 2005) . Similarly, regional mean daily minimum temperatures during spring have increased from À1 to þ18C since 1900, while the number of ice-free days has increased ;30 d since 1935 at climate stations representative of the Qu'Appelle catchment (Hall et al. 1999b ). Further, shifts in the NAO signal from negative values during to positive values during the past two decades are thought to indicate decreased frequency of cold winters in this region and, therefore, of ice thickness on lakes (Thompson and Wallace 2001) . Finally, these patterns are also consistent with observations of NAO impacts on European lakes, wherein the timing and extent of spring algal blooms are constrained by changes in ice cover, thermal stratification, and temperature-dependent development of herbivorous zooplankton populations (Adrian et al. 1999 , George 2000 , Straile 2000 . However, rather than suggesting that climate change alone is responsible for temporal coherence of spring algae, our variance-partitioning and redundancy analyses (Fig. 5) show that it is the combined effects of climate, resource exploitation, and urban development that control algal synchrony (see also George et al. 2000) .
Total algal synchrony in Qu'Appelle Valley lakes (S ; 0.10, as b-carotene or pheophytin a) was lower than most prior estimates of temporal coherence based on analysis of chl a collected during monitoring time series (e.g., Magnuson et al. 1990 . Such differences in synchrony among lake districts may reflect variations in algal composition and the temporal resolution of time series (Kratz et al. 1998) , in addition to differences in the extent of spatial comparison (Soranno et al. 1999) , the degree of hydrologic connectedness , and mixing regimes among lakes (George et al. 2000, Straile and Adrian 2000) . For example, the highest levels of temporal coherence recorded previously have been observed in studies in which mean algal abundance (as chl a) was derived from observations taken during spring (e.g., George et al. 2000, Magnuson and . However, while temporal variations in the abundance of spring-blooming taxa were also coherent in the present study, most algal biomass in Qu'Appelle lakes is associated with colonial and often N 2 -fixing cyanobacteria (Graham 1997 , Hall et al. 1999b . Because these latter taxa are abundant in late summer (McGowan et al. 2005 ) when effects of spring climate have diminished (Straile and Adrian 2000) and because most of their fossil bio-indicator pigments were asynchronous ( Fig. 3 ; except myxoxanthophyll, see next paragraph), we infer that low levels of total algal synchrony in Qu'Appelle lakes during the 20th century reflect the prevalence of cyanobacteria in overall plankton composition. As shown elsewhere, development of populations of colonial cyanobacteria is often dependent on lake-specific factors such as nutrient concentration (Downing et al. 2001) , N:P ratios Schindler 1999, Paerl et al. 2001) , molybdenum availability (Marino et al. 1990 ), ionic composition (Sze 1986 ), lake depth (Elser 1999) , or light regime (Lewis and Levine 1984) , and interannual variability in their abundance may be less influenced by large-scale climatic variance than are algal groups that bloom in spring, despite obvious seasonality in development of cyanobacterial populations in these lakes (e.g., McGowan et al. 2005) .
Postdepositional pigment degradation likely increased estimates of apparent algal synchrony derived from time series of labile fossil pigments. For example, the synchrony of labile chl a (S ¼ 0.53) was substantially greater than that of either its stable derivative pheophytin a (S ¼ 0.10) or ubiquitous b-carotene (S ¼ 0.09), even though each of these fossils record changes in total algal biomass (Leavitt 1993, Leavitt and Findlay 1994) . Similarly, myxoxanthophyll (S ¼ 0.40), canthaxanthin (S ¼ 0.07), and echinenone (S ¼ 0.05) are all indicative of cyanobacteria but exhibit differing degrees of synchrony and chemical stability. In general, myxoxanthophyll is less stable than either canthaxanthin or echinenone, mainly because it contains more reactive oxygencontaining functional groups (reviewed in Leavitt [1993] ). Finally, while fucoxanthin and diatoxanthin are both characteristic of diatoms, chrysophytes, and to a lesser extent dinoflagellates, unstable fucoxanthin was twice as synchronous (S ¼ 0.75) as chemically stable diatoxanthin (S ¼ 0.37), consistent with the high chemical reactivity of epoxide-containing fucoxanthin relative to the simple hydroxy-substituted diatoxanthin. As known extensively from prior decomposition studies, carotenoids with abundant complex oxygen functions (glycosides, epoxides) can degrade at near-exponential rates both in the water column and immediately following deposition in sediments (Bianchi et al. 2000 , Reuss et al. 2005 .
Despite effects of post-depositional pigment degradation on time series of labile algal fossils (chl a, fucoxanthin, myxoxanthophyll), two main lines of evidence suggest that estimates of algal synchrony were reliable when based on chemically robust fossil pigments. First, while changes in sedimentary ratios of labile chl a : stable pheophytin a indicated that postdepositional fossil degradation may have occurred in Last Mountain, Pasqua, and Echo lakes (Appendix A), such degradation indices were stable throughout cores collected from all downstream lakes. Consequently, algal synchrony at the catchment scale is unlikely to have arisen solely from coherent pigment degradation at all sites. Second, prior redundancy analysis of individual lakes revealed that 85-95% of the variability in past fossil pigment abundance and assemblage composition could be explained by a linear combination of environmental variables related to climate change, resource use, and urbanization (e.g., Hall et al. 1999b ; P. R. Leavitt, unpublished data) . Similar degrees of explanation were also recorded for independent analyses of morphological fossils from benthic chironomids (Quinlan et al. 2002) and diatoms (Dixit et al. 2000 ; P. R. Leavitt, unpublished data), proxies thought to be more robust to postdepositional losses. Therefore, while it remains possible that postdepositional degradation may have biased some estimates of past algal abundance and hence synchrony, it is more parsimonious to propose that aquatic biota responded to near-exponential increases in nutrient loading and agricultural development, as well as longterm climate change.
In summary, analysis of fossil time series revealed that algal synchrony during the 20th century arose mainly from interdecadal increases in algal abundance rather than from short-term, coherent variation in population density. Synchrony was pronounced for diatoms and cryptophytes, algae that bloom in spring and that may respond mainly to changes in spring climate and fluxes of nutrients from terrestrial sources. In contrast, cyanobacterial populations that developed during late summer exhibited generally low interannual synchrony (Fig. 3) , despite highly predictable patterns of seasonal development (McGowan et al. 2005 . Finally, because redundancy analyses conducted on all lakes simultaneously (Fig. 5 ) explained less than half as much variance as similar analyses of individual lakes (Hall et al. 1999b) , we suggest that controls of algal synchrony may differ from those regulating overall algal abundance.
